Antagonistic coevolution between hosts and parasites has been proposed as a mechanism maintaining genetic diversity in both host and parasite populations. In particular, the high level of genetic diversity usually observed at the major histocompatibility complex (MHC) is generally thought to be maintained by parasite-driven selection. Among the possible ways through which parasites can maintain MHC diversity, diversifying selection has received relatively less attention. This hypothesis is based on the idea that parasites exert spatially variable selection pressures because of heterogeneity in parasite genetic structure, abundance or virulence. Variable selection pressures should select for different host allelic lineages resulting in population-specific associations between MHC alleles and risk of infection. In this study, we took advantage of a large survey of avian malaria in 13 populations of the house sparrow (Passer domesticus) to test this hypothesis. We found that (i) several MHC alleles were either associated with increased or decreased risk to be infected with Plasmodium relictum, (ii) the effects were population specific, and (iii) some alleles had antagonistic effects across populations. Overall, these results support the hypothesis that diversifying selection in space can maintain MHC variation and suggest a pattern of local adaptation where MHC alleles are selected at the local host population level.
INTRODUCTION
The outcome of the interaction between hosts and parasites has been shown to depend on the genetic makeup of the two partners as well as on the environment where the interaction takes place [1] [2] [3] . Resistance genes have been extensively searched for, in particular in animals and plants of economic interest [4] [5] [6] . In vertebrates, genes of the major histocompatibility complex (MHC) have become good candidates for resistance genes, for several reasons. MHC genes code for surface glycoprotein that bind to antigenic peptides and present them to the cells of the immune system (T-cells). MHC class I and II molecules present intra-and extracellular-derived peptides, respectively [7] . Antigen presentation is an essential component of the activation of the acquired immune response of vertebrates; therefore, individuals that fail to present specific pathogen-derived epitopes can be highly susceptible to the infection. To confirm the prominent role of MHC genes in the process of parasite resistance, a number of epidemiological studies have reported associations between MHC alleles and disease occurrence or severity. For instance, in humans, the human leukocyte antigen (HLA) allele BRB1*5301 is associated with a protective effect towards severe cerebral malaria in Gambia [8] , the HLA alleles B*27 and B*57 are associated with a slower progression of disease in HIV-infected patients [9, 10] and the HLA allele DRw53 is associated with a lower risk to contract leprosy in India [11] . In addition to these epidemiological data, investigations on model and non-model organisms have strengthened the idea that individuals with certain MHC haplotypes enjoy a selective advantage in the face of certain parasitic strains [12] [13] [14] [15] [16] [17] [18] .
Although there is, now, little doubt that selection acts on MHC genes, the nature of the selection is open to debate [19, 20] . MHC genes are usually considered as the most polymorphic of the vertebrate genome. Nonmutually exclusive hypotheses have been put forward to explain the maintenance of high MHC diversity (i.e. heterozygote advantage, negative frequency-dependent selection).
These hypotheses are generally based on the idea that hosts and parasites are involved in coevolutionary cycles [21] and that parasites exert balancing selection on their hosts [22] [23] [24] . Investigations on MHC diversity have been conducted previously at different but complementary time scales: (i) at a macroevolutionary time scale, as shown by molecular analysis of the pattern of non-synonymous versus synonymous substitutions at the peptide-binding region [25, 26] , and (ii) at a microevolutionary timescale, based on the comparison of the pattern of population differentiation at MHC and microsatellite neutral loci [27, 28] .
Recently, theoretical work has suggested that variable, parasite-exerted, selection pressures in space and time can substantially contribute to maintain variation at the global scale [19] . This hypothesis of so-called diversifying selection is particularly appealing because we know that parasite abundance and diversity (both species and genetic diversity within species) vary in space and time, and are therefore probably to inflict variable selection pressures on hosts [17, 29] . Diversifying selection has been investigated using a population genetics approach in fish and bird species [30, 31] . Recently, we found that neutral processes are not sufficient to explain spatial variation in MHC class I among 13 house sparrow (Passer domesticus) populations [32] . In agreement with the prediction of diversifying selection [33] , we found a stronger pattern of isolation by distance for MHC class I than for neutral markers (microsatellites). This result may arise because diversifying selection will retain population-specific lineages of alleles. This phenomenon should, therefore, contribute to the generation of a pattern of local adaptation where certain alleles are positively selected in some populations but not in others. Thus, at a contemporary timescale, we may predict a population-specific pattern of associations between MHC alleles and risk of disease.
The aim of the present work was to test this last prediction, using the house sparrow and a malaria parasite (Plasmodium relictum) as a study model. Haemosporidia (Plasmodium sp. and Haemoproteus sp.) are common avian blood parasites that have attracted considerable attention in the last years. The cost of infection with haemosporidian parasites has been measured recently by treating birds with antimalarial drugs [34] [35] [36] or by experimentally infecting them with Plasmodium strains [37] [38] [39] . These studies have confirmed that infected hosts can pay a substantial cost in terms of reproductive success and survival [40] . We might, therefore, expect that mechanisms of resistance towards avian haemosporidian parasites should be selected for. In agreement with this view, Westerdahl et al. [17] have reported evidence suggesting the involvement of MHC genes in the process of resistance towards Plasmodium ashfordi in great reed warblers (Acrocephalus arundinaceus). Similarly, in a previous study, Bonneaud et al. [41] have reported an association between MHC alleles and the risk of infection with a Plasmodium lineage in the house sparrow. This study was, however, only based on two populations, and we therefore wished to investigate the pattern of MHC alleles-P. relictum resistance at a larger geographical scale, involving a larger number of house sparrow populations.
MATERIAL AND METHODS

(a) Sampling
The house sparrow is a common, sedentary bird [42] , occurring in both rural and urban areas of Europe. Since 2004, a monitoring programme was started in 13 sites in France ( figure 1 and table 1 ). Birds were caught with mist nets, ringed with a numbered metal ring and a blood sample was collected for each individual. Blood samples were collected between April 2004 and October 2005 and stored in lysis buffer (10 mM Tris-HCL pH 8, 100 mM EDTA, 2% SDS).
(b) Screening of MHC class I variation Genomic DNA was extracted from blood samples using the Qiaquick 96 Purification Kit (QIAGEN) according to the manufacturer's instructions. We screened individuals to assess allelic diversity at the most variable MHC class I gene family using the polymerase chain reaction (PCR)-based denaturant gradient gel electrophoresis (DGGE) method [43] . This method allowed us to examine single-nucleotide polymorphism at MHC class I exon 3, corresponding to the highly variable peptide-binding site of the protein (a2 domain). We used motif-specific PCR to amplify a substantial proportion of the class I alleles (2-10 alleles per individual) from as many as five class I loci. Although not exhaustive, this gives a reliable estimate of the class I variation. In order to preferentially amplify transcribed alleles, we designed primers based on cDNA sequences: GCA21M 5 0 -CGTA-CAGCGGCTTGTTGGCTGTGA-3 0 and fA23M 5 0 -GCGCTCCAGCTCCTTCTGCCCATA-3 0 [44] . Amplifications were run in a final volume of 50 ml including 15-50 ng of DNA, 0.25 mM of each primer, 200 mM of dNTPs, 5 ml of 10Â buffer and 0.5 U of Taq DNA polymerase. The thermal profile started with 90 s of denaturation at 948C, followed by 35 cycles at 948C, 658C and 728C for 30 s each and ended with an elongation step at 728C for 10 min. The PCR products were separated using a DGGE. The DGGE gel contained 7 per cent 19 : 1 acrylamide/bisacrylamide, 1xTAE, formamide and a 40-65 per cent denaturating gradient of urea [44] . The gels were run at 608C in 1xTAE buffer for 20 h at 180 V. Gels were stained with ethidium bromide and visualized under ultraviolet illumination. All gels always included two copies of a same marker (i.e. PCR fragments made from genomic DNA from three house sparrow individuals) to enable comparisons between gels. The migration distance of the bands on the DGGE gels were identified relative to these marker bands with a high repeatability. Only one person read all the DGGE gels to limit errors. In addition, 12 individuals were double-checked in at least two gels and in five cases in three DGGE gels. The same number and the same identity of DGGE bands were always found.
DGGE bands found in association with the infection status were excised from DGGE gels, and the bands were dissolved in 150 ml of ddH 2 O. This solution was frozen (2808C) and melted (418C), and re-amplified with the original primers and then directly sequenced. Sequences of these DGGE bands were deposed in GenBank (pado83: EU715815; pado109: EU715816; pado123: EF429132; pado133: EU715817).
(c) Screening for haemosporidian infections We used a highly efficient nested PCR to amplify a 524 bp long fragment of the cytochrome b of both Plasmodium sp. and Haemoproteus sp. parasites from infected birds [45] . This method is highly repeatable and has a detection limit identifying parasitaemia as low as one infected red blood cell per 100 000.
Positive and negative controls were used: i.e. positive controls were from birds with known infections, and the negative controls used were purified water in place of DNA template, or else samples that were consistently void of parasites as confirmed by PCR. We identified lineages by sequencing the fragments on an ABI3730XL, Applied Biosystems.
(d) Statistical analyses
The association between the infection status and specific MHC alleles was tested using generalized linear models (hereafter GLM) with binomial distribution of errors and Table 1 logit link function. Alleles with a frequency greater than 5 per cent were included in the analysis (n ¼ 16 alleles).
In the first step, we investigated the relationship between the infection status (dependent, binary variable) and explanatory variables using all individuals in the same model (n ¼ 658 individuals). Explanatory variables were the presence/absence of alleles (binary variables), season (binary variable; with the two following periods: autumn/winter (October -March) and spring/summer (April -September), site (factor) and first-order allele Â site interactions. We also ran 16 independent models (one for each allele) and compared our qualitative results with the model including all 16 alleles. The p-values of each of these 16 models were adjusted using the Bonferroni correction for multiple tests.
In the second step, local effects of alleles were tested by considering each site separately. In each case, the best model was selected by starting from a full model with all explanatory variables and sequentially removing variables according to the Akaike information criterion. All analyses were conducted using the R software package [46] .
In addition to the GLM models, ad hoc randomization tests were performed to compare the actual frequencies of infected individuals carrying each allele with the frequency distribution expected from a null model. This method allowed us to confirm that (i) observed site-specific associations between some alleles and infection status did not arise by chance and (ii) the effects of some alleles on infection status were different, and even antagonistic, among sites. The procedure used for the randomization models is fully described in the electronic supplementary material.
RESULTS (a) MHC variability
The diversity of MHC class I was assessed in a total of 658 house sparrows from the 13 populations (table 1  and figure 1; [32] ). The number of MHC alleles per individual varied between two and 10; hence, we amplified at least five loci. Sixty different alleles were found. Only five alleles were found in all populations, whereas seven alleles were specific of one population. Because most alleles had relatively low frequencies (44 out of 60 were found in less than 5% of individuals), we focused on the alleles with a frequency higher than 5 per cent, for obvious statistical reasons (electronic supplementary material, table S1).
(b) Parasite prevalence and diversity Overall (13 populations, 658 individuals screened), we found eight distinct mitochondrial haemosporidian parasite lineages (seven Plasmodium spp. and one Haemoproteus spp.; see the work of Bensch et al. [47] for a discussion on the biological relevance of these lineages). One Plasmodium lineage largely dominated the parasite community (SGS1, 31.31% of total infections), whereas in only 5.17, 3.04, 1.82, 0.45, 0.45, 0.30 and 0.15 per cent the infections were caused by the lineages Plasmodium GRW11, Haemoproteus PADOM3, Plasmodium COLL1, Plasmodium PADOM1, Plasmodium PADOM5, Plasmodium TURDUS1 and Plasmodium PADOM2 (table 1) .
Based on morphological studies, the lineages SGS1 and GRW11 have been described as belonging to the species P. relictum [48, 49] . In addition, these two lineages differ by only one synonymous substitution in the analysed cytochrome b sequence (0.2% divergence) and might represent a case of intra-specific mitochondrial polymorphism [47] . We decided, therefore, to analyse SGS1 and GRW11 together as P. relictum. Because of the low frequency of all other parasite lineages, we restricted our analyses to P. relictum.
(c) Association between MHC allele diversity and P. relictum As a first step, we compared two models. The first model contained the site, season, allele and all the two-way interactions between site and allele. The second model only included site, season and allele (all the two-way interactions between site and allele having been removed). The model including the site Â allele interactions had a statistically significant better fit than the model without interactions (
This result is not due to overdispersion of binomial variances and still holds when the two models were re-implemented with a quasi-binomial error structure ( [50] ; see details in the electronic supplementary material).
When considering all individuals and all alleles in the same model, the analysis revealed that the probability of infection differed among sites (LR:
24
) and seasons (LR:
No allele had a significant effect on the infection status at the level of the whole sample. Most importantly, the GLM model revealed that there were significant site Â allele interaction terms for three alleles (pado83:
suggesting that the effects of these alleles on the infection probability varied among sites.
Since prevalence varied between seasons, we performed a number of supplementary analyses to ensure that the observed site Â allele interactions did not arise because of sampling at different seasons in different populations. We therefore (i) reduced the dataset to those sites that were sampled in both seasons and (ii) analysed separately data gathered in winter and spring. The results of these models were similar to those provided by the overall analysis, in spite of a reduced statistical power (see the electronic supplementary material). In particular, we found statistically significant site Â allele interactions for the pado83, pado133 and pado123 in winter (see electronic supplementary material).
The lineages SGS1 and GRW11 show morphological and molecular similarities, however very little is known about their virulence. Therefore, considering the two lineages together in the same model might provide misleading results. To take into account this possible confounding factor, we reran the model focusing on the SGS1-infected individuals (the low prevalence of GRW11 prevented us from analysing this lineage alone). Again the results were similar to those provided by the overall model (see electronic supplementary material).
As a complement to these models, we performed 16 different correlative analyses between malaria prevalence and each MHC allele. These analyses provided the same general results as the model including all alleles: (i) the site effect was significant in all 16 models (p , 10 24 in all cases after Bonferroni correction for MHC diversity in the house sparrow C. Loiseau et al. 1267 multiple testing), (ii) no allele had a significant effect on infection status at the scale of the whole dataset, and (iii) in the absence of correction for multiple testing, pado83, pado109 and pado133 showed significant interactions with site (p ¼ 0.0028, 0.025 and 0.0032, respectively; analyses of deviance showed that the interaction term significantly improved model fit in all three cases). After Bonferroni correction, site Â allele interactions remained significant at the 5 per cent level for pado83 and pado133 ( figure 2 ). The randomization model provided similar results: (i) certain MHC alleles are associated with P. relictum prevalence (table 2) and (ii) the effect of pado83, pado109 and pado133 is population specific (table 2) .
When considering each site separately, we found strong evidence for statistical associations between alleles and infection status in five out of 13 sites, with again a strong consistency between the GLM and the resampling models (table 2) . In three cases, the presence of an allele was associated with a decreased risk to harbour the infection, whereas alleles were associated with a higher likelihood to be infected with P. relictum in five cases. Importantly, the three alleles associated with a significant site Â allele interaction term in the GLM model were significantly correlated with the infection status in some local sites. Among them, pado83 and pado133 had opposing effects (increased and decreased probability of infection) in different sites (figure 2).
DISCUSSION
The nature of the selection acting on MHC genes has been and still is widely debated. Although often mentioned as the most important force maintaining MHC polymorphism, theoretical and empirical work suggests that heterozygote advantage alone is unlikely to explain the observed pattern of MHC diversity [20, 51] . Hedrick [19] has suggested that variation in space and time of parasite abundance and diversity, which probably results in heterogeneous selection pressures, can substantially contribute to maintain MHC diversity at the global scale. Incidentally, this diversifying selection should generate a pattern of local adaptation where MHC alleles are positively selected in some populations but not in others. Identifying the selective agents responsible for this spatially heterogeneous selection is a tantalizing task. We have been studying the association between MHC and P. relictum in 13 populations of house sparrows and found a pattern in agreement with the predictions of the diversifying selection hypothesis. Namely, we found that a few MHC class I alleles were associated with malaria prevalence in five populations. Moreover, for three alleles, there was a statistical support for a population-specific effect, as shown by a significant interaction between the presence/absence of the allele and the population on the infection status. The evidence in support of the hypothesis of diversifying selection in the house sparrow reported here adds to the findings of another study where we compared the pattern of genetic differentiation based on the MHC and neutral markers in the same 13 sparrow populations [32] . In agreement with the hypothesis of diversifying selection, we found that population differentiation was stronger for the MHC than for microsatellites, especially so for geographically distant populations. Although the role of MHC genes in the process of parasite resistance is now relatively well established, population-specific associations between MHC alleles and infectious diseases have been seldom reported. In a seminal study on human populations, Hill et al. [8, 52] reported that the class I HLA allele BRB1*5301 reduced the risk of severe malaria in Gambia (West Africa), whereas in Kenya (East Africa) another allele (BRB1*0101) had a protective effect towards the risk to develop severe malaria. This result, once again, is suggestive of a spatial structure where antigenic variants differ between sites and select for different HLA alleles. In agreement with this view, Gilbert et al. [53] have further reported that HLA type can affect the distribution of parasite alleles and that geographical variation in parasite allele frequencies can affect the strength of the association between host HLA alleles and infectious disease.
In contrast to the MHC of chickens, the MHC of passerines is usually characterized by gene duplication and deletion which produce a variable number of loci even within species and a higher polymorphism both for class I and II genes [54] [55] [56] . In agreement with these previous results, we amplified at least five class I loci with a number of MHC alleles per individual varying between two and 10.
As already mentioned above, the aim of the present study was to test the idea that the association between MHC alleles and risk of malaria infection varies in space. This idea rests on two main assumptions: (i) infection with malaria parasites is costly for the host and (ii) hosts are exposed to genetically variable lineages of parasites resulting in variable selection in space. Although, by definition, parasites are costly for their hosts because they divert resources that are no longer available for the vital functions of the host, the magnitude of the cost can be quite variable [38, 57, 58] . In some circumstances, hosts can cope with the infection [37] and the pathogen can enter a phase of latency with no apparent cost for the host [59, 60] . In other case, pathogens can rapidly induce damage leading to host death [38, 39, 61, 62] . For years, evidence for the cost paid by hosts of avian malaria has been scant. Correlative studies where the prevalence of infection was associated with fitness components (survival and/or reproductive success) do not provide evidence for a causal link between infection and fitness. However, experimental work conducted on both natural populations and poultry has shown that infection with Haemoproteus and Plasmodium incurs a cost for the host [38,62 -64] . In particular, experimental infection of captive house sparrows with the SGS1 lineage has shown that infected birds pay a cost in terms of reduction in body mass [37] and haematocrit (E. Guivier, S. Garnier, E. Arnoux, B. Faivre & G. Sorci 2007, unpublished data) compared with control non-infected birds. Overall, these results support the idea that avian malaria exerts selection pressures on their hosts.
The second assumption underlying the hypothesis of population-specific associations between MHC alleles and risk of infection is that parasites and the selection pressures they exert vary in space. Genetic variation of malaria among populations has been reported for human parasites (P. falciparum; [65] ). We are not aware of similar studies conducted on avian malaria, but it seems reasonable to assume that P. relictum does genetically vary in space. Similarly, we do not have strong evidence showing that selection intensity varies in space. However, recent studies have reported extensive spatial variation in the prevalence of avian haemosporidian parasites, even at very small scales [66 -70] . For instance, Wood et al. [70] have shown that the prevalence of infection with the Plasmodium lineages (SGS1, TURDUS1 and BT7) in the blue tit (Cyanistes caeruleus) can vary between 10 and 60 per cent even within the same population, depending on landscape heterogeneities. At a larger spatial scale, we have also found large amongpopulation variation in prevalence, with values ranging from 4.5 to 81.6 per cent. There are several reasons that can explain this variability. Haemosporidian parasites are transmitted by arthropod vectors [71, 72] and, therefore, ecological factors associated with vector abundance and diversity may explain differences in parasite prevalence [67, 73, 74] .
Besides the population-specific effect of MHC alleles on risk of malaria infection, we also found that some alleles had antagonistic effects across populations. In particular, pado83 and pado133 were associated with both increased protection and increased risk of infection in different sites. Although the presence of susceptibility alleles might appear puzzling from an evolutionary point of view, MHC alleles that are associated with an increased risk of infection have been reported in several hostparasite systems [9,16,41,75 -77] . Given the cost of infection, at a first glance, one might expect that natural selection would rapidly clear such susceptibility alleles from the population [78, 79] . However, several mechanisms might explain the persistence of susceptibility alleles in spite of the cost of infection [75, 80, 81] . First, MHC alleles might have a pleiotropic effect on different parasite species or lineages. Second, the observed increase in prevalence associated with the presence of a given allele can be the result of MHC-altered competition between two parasite species/lineages [82] .
To conclude, our results support the hypothesis that diversifying selection in space can (i) maintain MHC variation and (ii) generate a pattern of local adaptation. Our study also highlights the importance of the spatial scale for the understanding of the forces maintaining the polymorphism of immune genes. Whereas local selection pressures might tend to reduce diversity at the site level, variable selection in space can contribute to maintain high levels of polymorphism at a larger scale, here at the country level. However, dispersal among sites and temporal variation in selection pressures can also intervene to maintain diversity within local populations. To go further in the investigation of the diversifying selection hypothesis, we believe that more effort should be devoted to estimate (i) the spatial variability in the cost of infection, (ii) the temporal change in allele frequencies, and (iii) the genetic variation of the parasite. Finally, experimental infections of hosts of known MHC with sympatric and allopatric parasites would probably provide conclusive evidence in support of the hypothesis of diversifying selection.
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